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Abstract. New single crystals of Gd203 and Y2O3 were found to grow epitaxially on GaN in ultra-high 
vacuum. In-situ reflection high-energy electron difhction reveals a six-fold sy”e@y in the in-plane epitaxy 
of the rare earth oxides. Single-aystal x-ray difhction measurements find that these single-crystal oxide films 
are indeed the high temperature hexagonal phases of the sesquioxides, stabilized by the GaN substrate epitaxy. 
Despite a large mismatch in lattice constant, the fdly relaxed oxide films are of excellent st~ctura l  quality. 
1. Introduction 
Heteroepitaxy, an epitaxial growth between two dissimilar materials, has proved to be difficult 
experimentally to materialize. It has not only been fascinating scientifically, but also it has found important 
practical applications. For example, a successful singlecrystal epitaxial growth of GaN (a wurtzite 
hexagonal close packed (hcp) phase (Fig. l(a)) on sapphire (AlzO3) [I] has helped the commercial 
realization of bludgreen light emitling diodes (LEDs) [2] and lasers [3]. Microwave high-power electronic 
devices operated at high temperatures also find applications in GaN and its related compound AlGaN 
epitaxially grown on sapphire [4,5]. 
In general crystalline rare earth oxides exist in cubic, monoclinic, or hexagonal phases, with the 
hexagonal structure as a high-temperature phase [6]. The cubic phase was found earlier in a single crystal 
rare earth oxide Gdz03 epitaxial growth on GaAs (loo), which was performed in ultra high vacuum 0. 
The Gd2O3 film was the first oxide to passivate GaAs, in which a low interfacial density of states @,d was 
attained [7-91. The GdzO3 has a cubic structure and is isomorphic to u-Mn203 (a bcc-derivative phase), with 
[ 1 101 direction of the GdzO3 fih normal being aligned parallel to [ 1001 direction of the underlying GaAs 
substrate normal. With a slower oxide growth rate, a new fcc phase of Gd203 with a tetragonal unit cell can 
be stabilized in a thin-film form by GaAs substrate epitaxy [lo]. This fcc phase was also obtained by 
disordering the u-GdzO3 (on GaAs) under a mild Ne’-ion bombardment and subsequent annealing [ 1 I]. 
Note that the fcc phase does not exist in the bulk form. 
Using a similar growth method, GdzO, and Y203 were grown epitaxially on Si (100) in the (1 10) 
MnzO3 structure [ 121, but in a twodomain structure. There is degeneracy on Si (100) surface since there is 
no distinction between the two in-plane axes of [ O l l ]  and [OlI]. The single domain film growth was 
achieved by using vicinal Si substrates of 4’ miscut. These rare earth oxide films have shown low leakage 
currents, a low intehcial density of states, and high dielectric constants, important aspects for replacing 
Si02 as gate dielectrics for Si-based transistors. Typical electrical leakage results are lo5 A/cm2 at 1V for 
single do& epitaxial Gd203 and Y203 films with an equivalent Si02thichess, tq of Is& and 104A/cm2 
at 1V for smooth amorphous Y203 films (E  = 18) with a of only IOA. For all the Gd203 films, the 
absence of SiOz segregation at the i n t d c e  is established eom inkwed absorption measurements. 
In this work, Gd203 or Y203 was found to grow epitaxially on GaN, but in a hexagonal phase (Fig. 
1 (b)) [ 131 rather than the more common cubic phases as observed in the growth of these rare earth oxides 
on GaAs or Si. Despite a large lattice difference between the hexagonal rare earth oxides and the wurtzite 
GaN, the epitaxy occurs in the very initial stage of the film growth. Unlike the growth of GaN on c-plane 
sapphire (Al203), in which an in-plane rotation of 30° occurs to reduce the large lattice mismatch, there is 
no in-plane rotation between the rare earth oxides and GaN. These thin epitaxial oxide tilux are fully 
relaxed and are of excellent structural quality, indicating that misfit dislocations are trapped near the 
interface. GaN is partly ionic and its films can be Ga- or N-polar, depending on the growth condition. Rare 
earth oxides of Gd203 and Y2Q are more ionic than GaN, based on the electronegativity difference 
between the two constituent atoms [14]. 
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Fig. 1 Structure and stacking sequence of the wurtzite GaN hcp phase (a) and that of the hcp rare earth sesquioxide (b). 
2. Experimental 
2.1. Film growth - GaN by MOCVD and Oxides by electron-beam evaporation in WHV 
The GaN epilayers were grown on clean c-plane (0001) sapphire substrates two-inch in diameter by 
metal-organic chemical vapor deposition (MOCVD). The growth occurred in a horizontal reactor with a 
substrate rotation. The sapphire substrates were heated up to high temperatures to thermally clean the 
surfaces. Ammonia (NH3)  and trimethylgallium (TMG) carried by hydrogen were used as precursors, while 
biscyclopentadienyl magnesium (Cp2Mg) and silane (Sa) as p and ndopant, respectively. A two-step 
growth method was used to grow GaN films with a smooth surface. A GaN layer 20 nm thick was first 
deposited at a low temperature of 460°C as a nucleation layer. The rest of GaN was then deposited on the 
nucleation layer as the substrate temperature was raised to 10SO°C. The pressure in the reactor was 
maintained at 200 mbar throughout the growth. 
After the GaN growth, the samples were then removed fiom the MOCVD reactor and ex-situ 
(exposed to air) transferred to a UHV (- 1 xlO-'O torr) system for the oxide deposition. None of the GaN 
samples which were grown under these conditions and tested were seen to etch in a hot KOH solution, 
indicating that this material is Ga-polar. The GaN samples were heated up to 650-700°C in the UHV 
system to remove the surface contaminants caused by the air exposure. The heating in UHV is effective in 
removing the surface contamination as was discussed earlier in the studies of GaN metal oxide 
semiconductor (MOS) diodes using capacitance-voltage (C-V) measurements [15]. For the oxide 
deposition, the substrate temperature was lowered to -550°C. Gd2O3 or Y2O3 dielectric films -2-20 nm 
thick were deposited by electron-beam evaporation h m  powder packed targets of Gd24 or Y20,. 
2.2. Structural characterization 
In-situ reflMon high-energy electron diffiction @HEED) and x-ray diffiction were used to 
study the structural properties of the rare earth oxide films. Since RHEED is sensitive for the surface 
stxuctm of the overlayers, it was also used in-situ to study the initial growth of the oxides. The single 
crystal x-ray difhction measurements were carried out on a tripleaxis, four-circle goniometer equipped 
with a 12 kW rotating anode Cu K., source. The x-ray beam was monochromatized and dyed by a 
focusing and flat graphite crystal, respectively. A longitudinal resolution of 0.01 A-' and a transverse 
resolution of 0.005 A-' were chosen intentionally low, in order to increase the x-ray beam intensity. The 
oxide film thickness was determined using both the x-ray reflectivity [ 161 and the width of the rare earth 
oxide (002) peak (hcp phase) in 8-28 x-ray difhction scans. The thickness determined h m  the former 
method is insensitive to the film strktural perfectness, but is affected by the interkid and surface 
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roughuess. The one h m  the latter method solely depends on the structural perfection. Existence of 
defects in the film affects the accuracy of its thickness detennination. 
3. Results and discussion 
3.1. M E E D  studies 
RHEED patterns of the UHV-annealed GaN, which is a FIluIzite hcp phase and was earlier grown 
on sapphire (OOOl), show a six-fold symmetry (Fig. 2 (a)). The pattern on the left of Fig. 2(a) was taken 
along the assigned <loo> azimuthal and the one on the right was taken along the assigned 410>  direction. 
These two patterns are separated by 30", which were determined using substrate rotation. The ratio of the 
RHEED streak spacing between the two patterns is 1.73, which is consistent with the ratio of the lattice 
spacing along the assigned <1 10> and <loo> directions. Both the 30" separation and the 1.73 ratio of 
spacing between the two directions confirm the assignments. These were further confirmed using x-ray 
diffiction. The occurrence of Kilcuchi arcs in the RHEED patterns indicates good atomic order on the 
GaN surface. 
Growth of single crystal Gd2O3 or Y2Op on GaN produced a long, streaky, and a six-fold symmetry 
RHEED pattem during the initial stage of the film growth (even for film thickness I 10 A). The symmetry 
was maintained when the oxide films grew thicker for more than 200 A. Figure 2 (b) shows RHEED 
patterns of a Gd203 film 18 8, thick along two in-plane directions, separated by 30". These thin rare earth 
oxide films on GaN have a hexagonal close-packed structure (hcp) [ 131. For comparison, schematic atomic 
arrangements and the stacking order of the wurtzite GaN and the rare earth oxide hcp structure are shown in 
Fig. 1 (a) and (b), respectively. A more detailed crystal structure will be discussed later in the paper using 
x-ray diffkaction. From the ratio of the spacing of these two RHEED streaks, the direction of the pattem on 
the left of Figure 2 (b) is assigned to be <loo> and the one on the right <1 lo>. Notice that there is no 
rotation in the in-plane axes between the oxide and GaN, i.e. <loo>- being parallel with The 
RHEED patterns of the rare earth oxides on GaN are entirely different fiom those on GaAs or Si. Even the 
as-grown rare earth oxides exhibit the same symmetry as GaN, the in-plane lattice is very different h m  
that of GaN. There are no %chi arcs and the RHEED streaks are not as narrow as those of the 
underlying GaN, indicating that the crystal structure of the thin over-layered oxide is not as good as that of 
GaN. Considering the hcp phase of Gd@3 or Y2O3 is a high temperature (over 20OO0C) phase [17], the 
existence of this phase at m m  temperature is made possible by the GaN substrate epitaxy. 
Judging fiom the RHEED spacing along both <loo> and <110> azimuthal directions in Figs.1 (a) 
and 1 (b), the in-plane lattice of the rare earth oxide films expands by - 20% with respect to that of 
underlying GaN. The bulk values of lattice constant a and c for hexagonal GaN are 3.189 and 5.185 
respectively. Those for bulk hexagonal Gd2O3 are 3.86 and 6.16 A respectively [ 181. The lattice constant a 
of the Gd203 films 18 A thick is estimated to be -3.83 A ( h m  the RHEED streak spacing), a value close to 
the bulk value of 3.86 A. This indicates that the Gd203 film partially relaxed and was not constrained to the 
GaN substrate even for a thin thickness of 18 A. Nevertheless, the streaky oxide RHEED patterns with 
high intensity for films 18 A thick indicate a smooth two-dimensional growth on GaN. Gd203 or Y 2 4  
seems to wet the GaN surface very well, despite the huge difference in lattice constants. The smooth 
interface between the oxide and GaN was revealed by the x-ray reflectivity as will be dikussed later, and 
by the studies using cross-sectional tnlnsmission electron microscopy [ 191. 
The RHEED patterns of the Y203 growth on GaN are similir to those of Gd203 on GaN, and 
therefore, would not be discussed here. It is anticipated that growth of many other rare earth oxides on 
GaN would produce the hcp phase, however with different lattice constants. 
3.2. X-ray diflaction studies 
Figure 3 shows the single-crystal x-ray diffiction scan along the surface normal, with all the peaks 
idenaed and indexed. The sharp peaks belong to the Al2O3 substrate, and the GaN epitaxial film (2.5 pn 
thick), and are all in the p u p  of (001) reflections as expected. The broad oscillations at small angles are 
caused by the Gd203 film reflectivity. This indicates a fairly uniform film with a thickness of 18 ,&, which 
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was estimated from the spacing of the oscillations. The two broad peaks at 29.5' and 600 are temporarily 
assigned to be the Gd2O3 (002) and Gd203 (004) d i h t i o n  peaks of the Gd2O3 H-phase (hcp). The H-phase 
or the hexagonal phase is a high temperature phase of sesquioxides and is thermodynamically unstable at 
room temperature. Our (001) assignments on the thin oxide film agree with the lattice constants of the 
For a defect free crystal the diffraction peak broadening is caused by the finite size effect. The 
width of the Gd203 (002) peak is 0.48 A-', suggesting a defect free film thickness of 13 A. This is 5 A less 
than what was observed itom small angle reflectivity, which is not sensitive to crystal defects. In light of 
the large in-plane lattice mismatch between the GaN (a=3.186 8,) and the H-Gd20, (a=3.86 A), it is natural 
to expect the formation of misfit dislocations at the interface. Such defects would account for the 13 8, 
defect h e  region of the film that is less than the film thickness. It is quite possible that the misfit 
dislocations are buried in this 5 8, interface region, so that the remaining film grows defect-free. 
known bulk H-Gd203 [ 181. 
Fig. 2 (a) Reflection hi& energy electron difhction 
(RHEFD) pattems of GaN surface after high temperature 
annealing in UHV and (b) WEED patterns of Gd203 
filml8Athick 
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Figure 3 Single crystal x-ray scan of the multi-layered 
epitaxial system (Gd203( 18A)/GaN(2.5~)/AI20, 
(substrate)) along the. c-axis. 
The rocking scans of the Gd203 (002) and GaN (002) give resolution-limited peak widths of 0.32' 
and 0.28", xespectively, with the scan on the Gd2q shown in Figure 4. It appears that part of the H-Gd203 
film has nearly the same structural perfection as the GaN template, despite the l l l y  relaxed nature of the 
growth. Figure 5 shows a single crystal scan along the H direction. Scale is normalized to the Gd2Q 
reciprocal lattice. This H-scan finds Gd203 (101) and GaN (101) (also GaN (201)) peaks along the same 
direction, indicating first that the Gd203 film is orientationally locked to the GaN crystallographic axes and 
secondly that the oxide film is fully relaxed at the interface. The measured in-plane lattice constants match 
precisely the bulk values. These scans also prove that our assignment of the H-phase formation is indeed 
correct. A 360" rotation scan of the 4 angle at the x angle that brings { 101) into the scattering plane k d s  6 
peaks as expected h m  the H-phase GdzO3. This cone scan is shown in Figure 6 (a). The sharp peaks 
originate &om the alpha-Al2O3 substrate, as evidenced fkom the 3-fold symmetry (alpha-Al2Q space group 
is R-3c), and the very long correlation length that can only belongs to Al203. A similar cone scan going 
through the {101} peaks of GaN is shown inFigure 6 @). Herethe GaNpeaks are at the sameangles as the 
H-Gd203 {101} peaks, indicating an orientational locking, but they are considerably sharper than those 
h m  the H-phase, meaning there may be some angular spread in the orientational locking. 
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Figure 4 The rocking scan of GdzO3 (002) difhction 
peak finds near a resolution-limited width, indicating a 
structural perfection. 
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Figure 6 (a) A 360' phi (&angle rotation scan at the 
k e d  chi (dangle that brings the { l O l }  difhction 
peaks into the scattering plane finds 6 peaks, at the 
right lattice constant for the H-phase GdzO3. 
4. Conclusions 
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Figure 5 A s@le crystal scan along the H direction 
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Figure 6 (b) A 360" +-angle rotation scan for the { 101) 
peaks of GaN, which shows that the peaks are at the 
same angles as the H-Gdz@ { 101 } peaks, and that 
there is an orientational locking in the GdzO3 epitaxial 
growth. 
The growth of single-crystal (hcp phase) rare earth oxides on the MOCVD-grown GaN discussed in 
this paper has been extended to MBE (molecular beam epitaxy) grown GaN, which has resulted in the same 
single crystal hcp phase. A single crystal GdzO3 was found to grow on GaN by another research group 
[20], in which Gd was evaporated f?om an effision cell and oxygen was produced using an ECR (electron 
cyclotron resonance) source in a gas-source MBE chamber. The evidence of the single crystal GdzO3 was 
revealed using cross-sectional TEM. Howeva; the crystallographic structure of the GdzO3 was not given in 
Ref. 20. 
It was unexpected that an hcp a 2 0 3  or Y203 would grow on GaN, considering that the rare earth 
oxide hcp structure exists only at high temperatures. With a large lattice constant mismatch (particularly, 
the in-plane ones) between the two materials, it is surprising to attain an excellent epitaxy between hcp 
Gd2O3 or Y203 and hcp GaN. Various oxides or nitrides have been found to effectively passivate GaN with 
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a low interfacial density of states [21]. However, the single-crystal rare earth oxides with a combination of 
a high-quality crystal structure and a high dielectric constant may provide advantages in electronic devices 
such as MOSFET over other oxides and nitrides. Also, the large difference in the refractive index between 
the rare earth oxide and GaN may find applications in photonic devices. 
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